Various cation and nitrogen doped and codoped TiO 2 photocatalysts, such as N-TiO 2 , Pt-TiO 2 , N-Fe-TiO 2 , N-Ni-TiO 2 , N-Ag-TiO 2 and N-Pt-TiO 2 , were prepared by an acid-catalysed sol-gel process. The photocatalysts were characterised by X-ray diffraction (XRD), nitrogen adsorption-desorption isotherms, UV-visible diffuse reflectance absorption spectroscopy (UV-vis DRS), and X-ray photoelectron spectroscopy (XPS). The activities of the photocatalysts were evaluated in photodegradation of phenol solutions under simulated sunlight irradiations. A negative effect of some transition metals (iron and nickel) on photocatalysis was observed on N-metal codoped TiO 2 , while enhancements in photocatalysis from noble metals (silver and platinum) were obtained. N-Pt codoped TiO 2 showed a higher activity under UV-vis irradiations than Degussa P25, with an enhancement of 5.9 times higher.
Introduction
Semiconductor based photocatalysis has been recently manipulated in the visible light region since the remarkable success of modified titanium dioxide. Recently, Dionysiou et al. [1] presented a comprehensive review on the structure, properties and electronic structures of TiO 2 photocatalyst. The developments in the approaches for improving the visible light response of TiO 2 by non metal and/or metal doping, dye sensitizing and semiconductor coupling were discussed. Drogui et al. [2] summarized the recent development in environmental applications of TiO 2 , with an emphasis on water and wastewater treatment by visible light photocatalysis. The mechanism of visible light photocatalysis for wastewater treatment, such as phenol photodegradation, was also discussed by identification of the intermediates and formation of hydroxyl radicals [3] .
Among a variety of modifications, non-metal doping, i.e. nitrogen doping has demonstrated to be able to simultaneously increase the photocatalytic activities of TiO 2 under both ultraviolet (UV) and visible light irradiations [4, 5] . Owing to such a merit, along with its long-term stability and high efficiency, nitrogen doping was believed to be superior to transition metal doping in previous studies [6, 7] . However, the ongoing topics of nitrogen doping were still driven by the debates and controversies [8] , leading to dramatically increasing investigations on the synthesis, characterisation, mechanism and photocatalytic performance. In general, synthesis of nitrogen doped TiO 2 (N-TiO 2 ) can be realised by two approaches, e.g. gas phase annealing and wet-chemical route. In gas phase synthesis, sputtering TiO 2 in N 2 (40%)/Ar and thermally treating TiO 2 in NH 3 (67%)/Ar were investigated by Asahi et al. [5] . Many other investigations, such as oxidative treatment [9, 10] , microwave plasma-torch using gas-phase TiCl 4 [11] , and chemical vapour deposition (CVD) [12] , were also reported. On the other hand, wet-chemical methods have been proven as an effective strategy for synthesis of nitrogen doped TiO 2 as well. Hydrolysis with ammonia [13] or hydrazine hydrate [14] [15] [16] , sol-gel process [17] , hydrothermal method [18] , and solvothermal route [19] have been employed to synthesise N-TiO 2 . In the above methods, various preparation parameters, such as Ti precursor, nitrogen precursor, gas composition, applied current, solvent, reaction temperature/time, calcination temperature/time, and post-treatment, were usually considered to affect structure and performance of the catalysts.
The physicochemical properties of the resulting photocatalysts then vary from lab to lab, possibly leading to the wide controversies in the reason for visible response mechanism. The core in the debates has been the identification of effective dopants [20, 21] , namely the chemical nature of the doped nitrogen contributing to the visible light response. Asahi et al. [5] reported that the substitutional doping of N would mix O 2p state with N p states, leading to the band gap narrowing. But the molecularly existing dopants, such as NO and N 2 , only provide the bonding states below the O 2p valence bands and antibonding states deep in the band, thus would be unlikely effective for photocatalysis. The binding energy of substitutional N is generally located at ca. 397 eV from N-Ti-N. Later several investigations reported inconsistent findings to Asahi's theory [5, [22] [23] [24] [25] [26] [27] . No substitutional N was observed, but a N binding energy at ca. 400 eV appeared. Oxygen-deficient structure [24] , NH x species [23] , N-Ti-O linkage [26] , and NO x [14-16, 22, 25, 27] have been proposed to be the origins of visible light photocatalysis from N-TiO 2 . By a combined experimental and theoretical approach, Livraghi et al. [20] proposed that N-TiO 2 contained single-atom nitrogen impurities, which formed either diamagnetic (N b -) or paramagnetic (N b
•
) bulk centres, and that those N b centres were responsible for visible light absorption. Mitoraj et al. [21] suggested that neither nitridic nor NO x species nor defect states were responsible for visible light photocatalysis, but higher melamine condensation products acting as visible light sensitisers.
The authors previously reported that codoping is a promising strategy for the improved visible light photocatalytic activity [28] . Apart from the interests in the nature of doping, investigators also conducted metal or non-metal codoping with nitrogen for improved photocatalytic activity. Investigations on N-F [29] , N-S [30, 31] , N-C [32] , and N-Br [33] codoping have been reported. However, codoping at two anionic sites might induce significant crystal distortion and charge unbalance, resulting in a high rate of carriers' recombination. Therefore, codoping by nitrogen and a metal ion would be a better choice.
Zhang et al. [34] reported that nitrogen and nickel codoping would give rise to a synergistic effect which would improve the visible light photocatalytic activity. Parida and Naik [35] showed that the synergistic effect of iron and nitrogen greatly enhanced the photocatalytic activity for degradation of phenol under solar light. Yin et al. [36] proved that either platinum or iron could improve the activity of N-TiO 2 . Morikawa et al. [37] studied the photocatalytic oxidation of gaseous formic acid, acetic acid, acetaldehyde and toluene on several N-TiO 2 loaded with Fe, Cu or Pt catalysts, which were prepared by annealing TiO 2 in NH 3 followed by impregnation. Sreethawong et al. [38] reported the preparation of Pt/N-doped TiO 2 by three steps, including (i) preparation of TiO 2 , (ii) nitrogen doping by calcination with urea, and (iii) Pt loading by the incipient wetness impregnation. Solymosi et al. [39] reported synthesis of noble metals, such as Pt, Pd, Ir, Rh, and Ru onto N-TiO 2 by impregnation, and found that deposition of Pt would significantly increase the activity in photocatalytic decomposition of methanol. Wu et al. [40] suggested silver as a good option for codoping TiO 2 with nitrogen. We recently reported N/Pt-TiO 2 showed much better activity in indoor air purification [41] . Various gaseous VOCs were decomposed in a batch reactor and toluene was degraded in a continuous phase under room lighting over the Pt/N-TiO 2 photocatalyst.
In general, the preparation method and the activity evaluation varied at each protocol, therefore a comprehensive investigation keeping identical conditions would be in demand. In 
Experimental

Preparation of codoped TiO 2 photocatalysts
An acid-catalysed sol-gel method was applied to synthesise various nitrogen-metal (Ni, Fe, Ag or Pt) codoped TiO 2 photocatalysts. A typical procedure of the synthesis was as follows.
100 mL of ethanol, 20 mL of acetic acid and 20 mL of titanium (IV) isopropoxide (TTIP, Aldrich, 97%) were mixed to produce solution A. anatase and 25% rutile, 20 nm, and S BET = 50 m 2 /g) were used as reference samples for comparisons.
Characterisation of the photocatalysts
The crystalline structure of samples was analysed by powder X-ray diffraction (XRD) using a Bruker D8-Advance X-Ray diffractometer with Cu Kα radiation (λ = 1.5418 Å). UV-visible diffuse reflectance spectra (UV-vis DRS) of samples were recorded on a JASCO V-670 spectrophotometer with an Ø 60 mm integrating sphere, and BaSO 4 as a reference material.
The Brunauer-Emmett-Teller (BET) surface area and pore size distribution were evaluated by nitrogen sorption at -196 o C using a Quantachrome Autosorb AS-1. Chemical compositions of the samples were analysed by X-ray photoelectron spectroscopy (XPS) using Thermo Escalab 250 with a monochromatic Al Kα X-ray source. All binding energies were calibrated by the C 1s peak at 284.6 eV.
Photocatalytic decomposition of pollutants
The aqueous oxidation of phenol was carried out in a 1-L of Pyrex double-jacket reactor. A water bath connected to a pump was used to maintain the reaction temperature at 30 ± 0.5 o C, and a magnetic stirrer was used to ensure the catalyst dispersed uniformly in reaction solutions. The irradiations were supplied by a MSR 575/2 metal halide lamp (575 W, Philips).
Various cut-off filters were used to obtain the desired irradiations. At each set time interval, 1 mL solution was withdrawn by a syringe and filtered by a 0.25 μm Millipore film into a phenol was analysed on a 380-LC HPLC (Varian, USA) with a UV detector set at λ = 270 nm.
A C-18 column was used to separate the organics while the mobile phase of 30% CH 3 CN and 70% water was flowing through the column at a flowrate of 1.5 mL/min. The crystallite size and lattice parameters were calculated based on XRD profiles using the Scherrer formula and powder indexing, respectively [28] , and the results are given in Table 1 .
Results and discussion
Crystal structure
The crystallite sizes of the catalyst samples were in a narrow region of 4.8 to 6. . It is noteworthy that the element loading level was not the same as substitutionally doping level, and this point will be discussed in the following XPS analysis.
[Insert Fig. 1] [Insert Table 1] 3.2. Textural structure [Insert Fig. 2 ] Fig. 2 (B) shows the pore size distributions of pure and modified TiO 2 . Pure TiO 2 showed a narrow pore size distribution centred at 4.3 nm, and up to 10 nm. N-TiO 2 had the largest pore volume, and its pore size distribution moved to a larger size of 7.8 nm, with a broad peak up to 40 nm. It was interesting to see that the N-Pt-TiO 2 had the smallest pores centred at 3.0 nm, but the size distribution was broader than pure TiO 2 , up to 20 nm. The results clearly showed that either N or Pt would significantly influence the pore size and pore size distribution.
Optical properties and band gap energy
The absorption thresholds and band gap energies of pure and modified TiO 2 were evaluated by UV-vis DRS. Fig. 3 (A) shows the optical properties of various photocatalysts. Pure TiO 2
showed an absorption threshold at 406 nm, which was longer than the well-known anatase of 387 nm, due to the lower crystalline degree at calcination of 400 o C and carbon pollution from organic Ti precursor. N-doping only slightly extended the absorption threshold to 410
nm, but it produced a very strong absorption in visible light region up to 550 nm. Such an observation was well consistent with previous studies [14] [15] [16] , because the doped N was not at substitutional sites, but on the surface. The incorporation of additional metal would significantly broaden the absorption edges of N-TiO 2 . Moreover, the absorbance in visible light region was also improved by the codoping, except for N-Ag-TiO 2 . Among these samples, N-Pt-TiO 2 had the longest absorption edge and the highest absorbance in visible light region.
The strongest absorbance of Pt-TiO 2 in visible light region suggested that the extended absorption is mostly attributed to platinum modification. Previous studies have also proven that the visible light absorption of TiO 2 or N-TiO 2 could be significantly improved by metallic particles, oxides and salts of platinum [45, 46] .
[Insert Fig. 3]
The band gap energies of the materials could be estimated using the following equation [47] .
Where hv is the photon energy, α is the absorption coefficient which can be obtained from the scattering and reflectance spectra according to the Kubelka-Munk theory, B is a constant relevant to the material and n is the value that depends on the nature of transition: 2 for a direct allowed transition, 3/2 for direct forbidden transition, and 1/2 for indirect allowed transition. The (αhv) n (n = 1/2) versus hv extrapolated to α = 0 represents the absorption band gap energy. Fig. 3 No obvious signal at 396 eV was observed, indicating no substitutional N doping was produced [5] . In N-doped and codoped samples, fitted peaks centred at 399.7 eV were observed. The position was well consistent with our previous studies [14] [15] [16] 41] , indicating the presence of N-containing species, such as NO, NO 2 , NO 2- , and NO 2 2-, etc. This type of N doping was typically seen in the samples from wet-chemical synthesis [22, 25, 27] . The N doping level in N-TiO 2 was detected to be 0.21 at.%, whereas 0.75 at.% for N-Pt-codoped TiO 2 . It indicated that codoping with Pt would increase N doping level. Higashimoto et al. [48] reported that the ratios of N/Ti on N-TiO 2 and PtCl x /N-TiO 2 were roughly estimated to be 0.34 and 0.29 at.%, respectively. But in their study, nitrogen doping was completed before adsorption of Pt salt, and there was no calcination afterward. Our study is the first observation in increased N doping level by Pt, possibly due to the interaction between the precursors in solution and calcination for maintaining charge balance [49] .
XPS studies
[Insert Fig. 4 ] Fig. 4(B) shows XPS Ti 2p spectra. It was found that Ti 2p 3/2 of N-TiO 2 showed a red-shift of 0.42 eV to lower energy when compared to pure TiO 2 . The shift to lower binding energy generally implies a higher electron density. In modified TiO 2 , higher energy density of Ti might be attributed to the presence of Ti 3+ centre in N-TiO 2 [14] . Contrast to N-TiO 2 , peak of Ti 2p 3/2 in N-Pt-TiO 2 remained unchanged, owing to the charge balance from anion-cation codoping. Fig. 4 (C PtCl z , due to the mild calcination [41] . These species therefore would be located onto the surface of the particles and play as centres to absorb visible light for a higher photocatalytic activity. Moreover, Pt 0 can also act as a cocatalyst to accelerate photoinduced carriers' separation rate for an enhanced photocatalytic activity.
Photocatalytic oxidation of phenol solutions
3.5.1. Effect of dopants on the photocatalytic activity 35.6% phenol degradation at 120 min. Degussa P25 showed a higher activity than the prepared TiO 2 , due to the higher crystallinity and mixed crystalline phases of anatase and rutile. The phenol degradation rate by P25 reached 63.9% at 120 min. That was also higher than N-TiO 2 (41.9%), because UV activity was dominant to the enhanced proportion of N-TiO 2 from visible light. But in comparison between pure TiO 2 and N-TiO 2 from the similar preparation, an enhancement in activity of N-TiO 2 was observed, owing to the visible activity from N-doping [15] . In the codoped samples the doping level of metal was consistent at 1.0 at.%. N-Fe-and N-Ni-codoped TiO 2 showed even a lower activity than N-TiO 2 , though band gap energies of them were greatly decreased (Fig. 3) . However, high visible light absorption does not secure a high visible light photocatalytic activity. Table 1 indicates that the distortion from nitrogen and transition metal codoping was very high, the decreased activity was possibly ascribed to the higher distortion level, which increased the recombination rate of showed that multivalent platinum was present in N-Pt-TiO 2 , according to ionic radii (Table 1) The doping level of Pt significantly affected the phenol degradation rate. Both Pt 0.5 at.% and 1.0 at.% were able to dramatically increase the efficiency of N-TiO 2 . Pt doping was found to be more effective than nitrogen doping in this study, but it was noted that N doping level was very low. Main interest of N-doping was to create a visible response, whereas an enhancement of UV activity from N-doping was not significant [5] . The minor change of UV activity is due to that less carriers' recombination centres are created by non-metal doping than transition metal doping [54] . In contrast, Pt doping would not only create visible light absorption but increase carriers' separation rate, resulting in enhancements of UV and visible light photocatalytic activity [55] .
The synergistic effects of N and Pt codoping were experimentally confirmed as follows. (a) N doping improved the chemical states of platinum by minimising metallic Pt, as proven by XRD patterns (Fig. 1 (B) ) and XPS spectra (Fig. 4 (C) ). UV-visible light irradiations (Fig. 5 (A) ).
Photodegradation of phenol under visible light
For the practical application, higher activity under UV-visible irradiations would lead to more effective utilization of natural sunlight. Therefore, we selected N-Pt-TiO 2 , which shows the highest activity at UV-visible light, for further investigations under visible light irradiations. It was also found that Pt (1.0 at.%) showed even higher activity than N-Pt (0.5 at.%),
indicating that platinum plays a more important role in improving the activity of modified TiO 2 . That would be due to that platinum can be beneficial to both increasing visible light absorption by ions and improving carriers' separation by metallic Pt.
[Insert Fig. 6 ] [5, 14, 16, 41] . For Pt modified TiO 2 , Mallat et al. [56] suggested that Pt 0 had the beneficial effect for catalytic oxidation of alcohol. Lee and Choi [57] reported that Pt 0 had a better effect than Pt 2+ on TiO 2 for degradation of dichloroacetate, 4-chlorophenol and chloroform. But Wu et al. [58] found that Pt electron trap on the surface of TiO 2 to improve the separation efficiency of photogenerated electron-hole pairs, then to enhance the photocatalytic activity [45] . Pt 2+ was the main platinum species in our sample. It was reported that PtO x is a p-type semiconductor with a narrow band gap energy than the n-type semiconductor of TiO 2 . The heterojunction of PtO x -TiO 2 formed on the surface of TiO 2 was expected to accelerate the electron-hole separation rate [58] . Once PtCl z is formed, a Z-scheme mechanism for the charge separation could be applied. By above complicated ways, the visible light response and enhanced photocatalytic activity were obtained. The electron can react with oxygen in water forming superoxygen anions to oxidise the organic pollutants. The hole can also be trapped by water to produce an active hydroxyl radical, which is powerful oxidative species for oxidation of organics.
[Insert Scheme 1]
Conclusions
One-pot synthesis was applied to successfully prepare nitrogen and metal codoped titania 
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